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ABSTRACT  GTP-binding  (G)  proteins have been shown to mediate activation of inwardly 
rectifying potassium (K  +) channels in cardiac, neuronal and neuroendocrine cells. Here, we 
report functional expression of a recombinant inwardly rectifying channel which we call KGP 
(or hpKir3.4), to signify that it is K + selective, G-protein-gated and isolated from human pan- 
creas. KGP expression in Xenopus oocytes resulted in sizeable basal (or agonist-indepenc~nt) 
currents  while  coexpression  with  a  G-protein-linked  receptor,  yielded  additional  agonist- 
induced  currents.  Coexpression of KGP and hGIRK1  (a human brain homolog of GIRK1/ 
Kir3.1) produced much larger basal currents than those observed with KGP or hGIRK1 alone, 
and upon coexpression with receptor, similarly large agonist-induced currents could be ob- 
tained. Pertussis toxin treatment significantly diminished agonist-dependent currents due to 
either KGP or KGP/hGIRK1 expression. Interestingly, PTX also significantly reduced basal 
KGP or KGP/hGIRK1 currents, suggesting that basal activity is largely the result of G-protein 
gating as well. When the two channels were coexpressed with receptor, the relative increase in 
current elicited by agonist was similar whether KGP and hGIRK1 were expressed alone or to- 
gether. When in vitro translated or when expressed in Xenopus oocytes or CHO mammalian 
cells, KGP gave rise to a  nonglycosylated 45-kD protein. Antibodies directed against either 
KGP or hGIRK1 coprecipitated both proteins coexpressed in oocytes, providing evidence for 
the heteromeric assembly of the two channels and suggesting that the current potentiation 
seen with coexpression of the two channel subunits  is due  to specific interactions between 
them. An  endogenous  oocyte protein  similar in  size  to  KGP was  also  coprecipitated with 
hGIRK1. 
INTRODUCTION 
Channel  activation by second messengers confined  to 
the plasma membrane was first described with the gat- 
ing of the atrial KAC  h channels by pertussis toxin-sensi- 
tive G proteins  (Soejima and Noma, 1984; Pfaffinger et 
al.,  1985;  Breitwieser  and  Szabo,  1985).  Activation  of 
cardiac  Kac  h channels  underlies  the  rapid  control  of 
the heart rate by the vagus nerve (reviewed by Logothe- 
tis,  1987a).  Several studies have focused on the mecha- 
nism of Kac  h gating and have identified  direct actions 
of specific G-protein subunits  (Logothetis et al.,  1987b, 
1988;  Codina et al.,  1987;  Ito et al.,  1992; Wickman et 
al., 1994). 
Pertussis toxin-sensitive, neurotransmitter-activated in- 
Address correspondence to Diomedes E. Logothetis,  Department of 
Physiology and Biophysics, Box 1218, Mount Sinai School  of Medi- 
cine, CUNY, 1 Gustave L. Levy Place, New York, NY 10029-6574; Fax, 
(212) 860-3369; E-mail, logothetis@msvax.mssin.edu. 
wardly rectifying K + currents  have also been  reported 
in tissues such as brain  (Andrade et al.,  1986; Andrade 
and Nicoll,  1987; North et al.,  1987;  Inoue et al.,  1988; 
Williams et al., 1988; Pennington et al., 1993), pancreas 
(Fosset et al.,  1988; Dunne et al., 1989; Rorsman et al., 
1991)  and  pituitary  (Bauer  et al.,  1990;  Einhorn  and 
Oxford, 1993; Takano et al., 1994). In such tissues, acti- 
vation of G-protein coupled K + channels is thought to 
underlie  suppression  of firing  (e.g.,  Andrade  et  al., 
1986). 
Recently,  related  recombinant  channels,  belonging 
to the inwardly rectifying K + channel family (Kir), have 
been  shown  to  couple  to  G-protein-linked  receptors 
and G-protein subunits  and have been grouped in the 
Kir3.0 subfamily (Chandy and Gutman, 1993; Doupnik 
et al., 1995).  Specifically, rat cardiac GIRK1 or KGA re- 
combinant channels  (rcKir3.1:  Kubo et a1., 1993;  Das- 
cal  et  al.,  1993),  when  expressed  in  Xenopus  oocytes, 
produced G-protein-gated membrane currents showing 
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conductance, and  1-2 ms mean open  time. Although 
these characteristics provided evidence that GIRK1 rep- 
resented  the  atrial  KACh, heterologous  expression  in 
mammalian systems failed to produce KACh channel ac- 
tivity (Krapivinsky et al.,  1995; Kofuji et al.,  1995). This 
problem was overcome when  GIRK1 was coexpressed 
in  Chinese  Hamster Ovary  (CHO)  cells with  a  highly 
homologous clone,  CIR  (rcKir3.4:  Krapivinsky  et  al., 
1995), which had been reported earlier to be the cDNA 
encoding cardiac KAT  e channels  (Ash'ford et al.,  1994). 
In oocytes, coexpressed channels resulted in eightfold 
greater currents than with either channel alone. In ad- 
dition,  immunoprecipitations  from  atrial  membranes 
with  GIRKl-specific antibodies coprecipitated a  45-kD 
protein,  which  upon  microsequencing was  found  to 
correspond to CIR. These  results  led Krapivinsky and 
colleagues to conclude that the native atrial KAC  h is a het- 
eromultimer of the two recombinant proteins, GIRK1/ 
CIR (rcKir3.1/3.4).  GIRK1 and CIR were shown to be 
53% identical. Another G-protein-gated channel, GIRK2 
(mbKir3.2, cloned from mouse brain), when expressed 
in  Xenopus  oocytes,  exhibited  opioid-receptor-evoked 
K  + currents  (Lesage et al.,  1994).  GIRK2 showed 69% 
identity to Kir3.4 and 54% identity to Kir3.1  channels. 
Coexpression of GIRK2 with GIRK1 in oocytes resulted 
in severalfold greater currents than those produced by 
either channel alone  (Kofuji et al.,  1995; Duprat et al., 
1995),just as was the case with coexpression of CIR and 
GIRK1 (Krapivinsky et al., 1995). Another related chan- 
nel, GIRK3 (mbKir3.3, also cloned from mouse brain), 
when  injected  alone,  failed  to functionally express  in 
Xenopus  oocytes  (Lesage  et  al.,  1995;  Kofuji  et  al., 
1995). GIRK3 showed 67%  identity to Kir3.4 and 57% 
identity to Kir3.1  channels. Interestingly, coexpression 
of GIRK3 with  GIRK1  resulted  in  severalfold  greater 
currents in some studies  (Kofuji et al.,  1995),  but not 
others (Lesage et al.,  1995). 
The  present  study reports  characterization of a  hu- 
man  Kir3.4  channel,  KGP,  heterologously  expressed 
alone  or  together  with  hGIRK1  (a  human  brain  ho- 
molog of the  rat  cardiac  GIRK1/Kir3.1).  The  results 
obtained  are  in  agreement  with  a  recent  report 
(Krapivinsky  et  al.,  1995)  and  in  addition  provide  a 
number  of  important  new  results.  KGP  produced 
strong inwardly rectifying K + currents both at the sin- 
gle-channel  and  whole-cell  levels.  This  channel  cou- 
pled efficiently to a  G-protein-linked receptor via per- 
tussis toxin  (PTX)-sensitive G proteins. PTX treatment 
not  only significantly reduced  agonist-dependent  but 
also  basal  (or  agonist-independent)  currents.  Coex- 
pression  of KGP with  hGIRK1  resulted  in  severalfold 
greater  currents  than with  either  channel alone.  The 
agonist-dependent  fraction  of  the  total  current  re- 
sponse was comparable whether the channel subunits 
were expressed alone or together. As with KGP alone, 
PTX  treatment  reduced  both  the  agonist-dependent 
and  -independent  current  responses  of  the  coex- 
pressed channels. Specific antibodies raised against ei- 
ther  Kir3.4  or  GIRK1  coprecipitated  both  proteins 
(KGP and hGIRK1) coexpressed in oocytes, providing 
evidence for heteromeric assembly of the two channels 
in  the  oocyte system. Moreover, immunoprecipitation 
experiments suggested the existence of an endogenous 
protein similar in size to Kir3.4 and capable of interact- 
ing with GIRK1. 
The mechanism of G-protein gating of KAch has been 
under intense investigation in the last decade. The re- 
cent appreciation of the heteromeric nature of KACh re- 
quires  a  thorough characterization of the  component 
subuni~s. Our study demonstrates assembly of recombi- 
nant subunits to produce a heteromeric channel which 
displays properties  (such as strong inward rectification, 
G-protein  gating and  PTX-sensitivity of both  agonist- 
dependent  and  -independent  currents)  characteristic 
of the KGP subunit. 
MATERIALS  AND  METHODS 
Cloning and Sequencing 
A 298-bp DNA probe corresponding  to the M1-P-M2 region  of 
GIRK1 (Kubo et al., 1993) was synthesized by PCR using GIRK1 
as a template  with the  following primers:  5'CTTFATCTTCAT- 
CCTCACCTACA  (corresponds to the peptide FIFILTY  in GIRK1) 
in  the  foward  direction  and  5'GAACTGTrTGTACGTGGG- 
GTGGT (corresponds to the peptide  LIGCMFIK)  in the reverse 
direction.  This probe was gel purified  and labeled  with ~x s2p_ 
dCTP by using random hexamer  and Klenow before screening 
~1  X 106 plaques from a human fetal brain k-gtll cDNA  library 
(Clontech, Palo Alto, CA). The filters were prehybridized and hy- 
bridized  in  buffer  containing  50%  formamide,  5X  SSPE, 5X 
Denhardt's  solution,  0.1% SDS  and  100  txg/ml  denatured 
salmon sperm DNA at 37~  The filters were washed twice with 
2X SSC and 0.5% SDS at room temperature,  followed by washing 
twice again with 1X SSC and 0.1% SDS at 37~  for 15 min. Five 
positive clones, including hGIRK1 and hKGB (a human brain ho- 
molog of KGP), were purified by secondary and tertiary screen- 
ing. The inserts were subcloned  into  pGEM7zf (+)  (Promega 
Corp.,  Madison, WI)  and  then  sequenced  by the  dideoxy  se- 
quencing method (Sanger et al., 1977), using Sequenase (United 
States Biochemical, Cleveland, OH). A DNA probe correspond- 
ing to the last 360 bp of hKGB (corresponding  to t857-c1218 of 
the  KGP full length  nucleotide  sequence)  was synthesized  by 
PCR and was used to screen a human pancreatic k-gtll cDNA 
library  (Clontech),  under  high  stringency. Approximately two 
million plaques were screened. The prehybridization and hybrid- 
ization buffers were the same as above, but the temperature  was 
raised to 42~  The filters were washed twice with 2x  SSC and 
0.5% SDS at room temperature  and twice with 1X SSC and 0.1% 
SDS at 55~  for 20 min. 10 strong positive clones (out of the 51 
primary  positive clones)  were purified  and  subcloned  into 
pGEM7zf (+) before sequencing. The KGP clone (1.734 kb) was 
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ing  (Mount Sinai DNA Core Facility). The KGP cDNA was sub- 
cloned into the EcoRI site of pCDNA3 (Invitrogen Corp., San Di- 
ego, CA) and pGEM-HE (Liman, Tytgat, and Hess, 1992)  for sta- 
ble transfection into mammalian cells and injection into oocytes, 
respectively. 
Northern Blot Analysis 
(a) A multiple tissue Northern blot filter (Clontech) was probed 
with a  ~2P-labeled  DNA probe  corresponding  to the last 360 bp 
(t857-c1218)  of the hKGB clone (same probeused to screen the 
human  pancreatic  cDNA library).  Prehybridization  and  hybrid- 
ization were carried at 42~  in a buffer containing 5￿  SSPE, 10￿ 
Denhardt's  solution,  50%  formamide,  2%  SDS and  100  I~g/ml 
denatured salmon sperm DNA. The filter was washed twice with 
2￿  SSC and 0.05%  SDS at room temperature and then washed 
twice with 0.1￿  SSC and 0.1%  SDS at 50~  (b)  Transfected or 
control CHO cells were grown to 70% confluency and total RNA 
was extracted by the guandinium method (Chomczynski and Sac- 
chi, 1987).  PolyA  + RNA was purified by using oligo-dT ~:ellulose 
(Boehringer  Mannheim  Biochemicals,  Indianapolis,  IN).  3  ~g 
polyA  + or 20 ~g total RNA were loaded on a  1.2% formaldehyde 
agarose gel. RNA was blotted to a  GeneScreen TM nylon mem- 
brane  (New England Nuclear, Boston, MA) by capillary transfer 
(Sambrook et al., 1989).  A DNA probe spanning the complete cod- 
ing region of KGP cDNA was used and labeled by the random hex- 
amer method. The condition for hybridization and washing were 
essentially the same as in part a, with the exception that the filter 
was washed with 0.1 ￿  SSC and 0.1% SDS solution for 1 h at 65~ 
Stable Transfections 
CHO cells were split the day before transfection and were fed 4 h 
before transfection (Ausubel et al., 1993).  10-50 ~g of DNA to be 
trahsfected was ethanol precipitated, washed twice with 70% eth- 
anol and air dried. The pellet was resuspended in 500 ~1 of 250 
mM  CaC12. 500  ~l  of 2￿  HeBS  (HEPES-buffered  saline)  was 
placed in a sterile  15-ml conical tube. The DNA/CaCI  2 solution 
was added  dropwise while the 2￿  HeBS b~fffer  was bubbled  si- 
multaneously into the tube. The formation of calcium phosphate 
precipitate was allowed to proceed for 20 min at room tempera- 
ture.  The  calcium  phosphate  precipitate  was  then  distributed 
evenly over the cells with gentle agitation.  The cells were incu- 
bated  under  standard  growth  conditions  for  4  h.  Cells  were 
washed twice with 5 ml 1 ￿  PBS, were fed, and allowed to grow for 
3  d. The  medium was switched to selective medium with G418 
(800 p,g/ml), and the cells were allowed to grow for 2-3 wk with 
change of new selective medium every 3 d. Colonies surviving af- 
ter this period of time were considered stably transfected.  Indi- 
vidual colonies were expanded to 80% confluency. 
Tissue Culture 
CHO-K1 cells were maintained in OPTI-MEM I supplemented with 
1% BS. All cell lines transfected with KGP (CHO-K1/hpl6 clones 
1-6) were also maintained in Gentamicin (G418)  at 800 p~g/ml. 
Untransfected cells were killed at that concentration of G418. 
In vitro Transcriptions and Translations 
KGP and hGIRK1 in pGEM-HE was linearized with NheI and tran- 
scribed with T7 polymerase,  hm2  in pSP72  was linearized with 
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BglII and transcribed with SP6 polymerase. Transcriptions were 
performed  using  the Ambion  megascript  kit  (Ambion, Austin, 
TX), as previously described  (Logothetis et al.,  1992).  Cell-free 
translations were carried out in a nuclease-treated lysate transla- 
tion system (Promega Corp.) KGP cRNA was added at 100 ng per 
translation reaction. ~SS-methionine was used in the reaction mix- 
ture in order to label the synthesized protein. In vitro translation 
products were analyzed by SDS-PAGE on 12% gels and detected 
by fluorography. 
Immunoprecipitation and Immunoblot Analyses 
(a) Immunoprecipitations. In vitro translated products were immu- 
noprecipitated using the appropriate antibody (see text; Harlow 
and Lane,  1988).  The samples were resuspended  in 2% Triton 
X-100,  50  mM Tris-HCl, pH 7.4,  SDS-deficient RIPA buffer for 
2 h  at 4~  Antibody was added  for an overnight incubation  at 
4~  Protein A beads 50% slurry (Pierce Chemical Co., Rockford, 
IL) were added next. After PBS washes, the samples were run on 
a  12% acrylamide gel and were detected by fluorography. In vivo 
(i.e., in Xenopus  oocytes) expressed channel proteins were immu- 
noprecipitated using the following steps.  Oocytes were injected 
with ~4 ng of channel cRNA (KGP, hGIRK1, or KGP/hGIRK1). 
After injection oocytes were incubated in ND96 solution supple- 
mented with 1 ~Ci of 35S-methionine and 35S-cysteine  (Dupont, 
Boston, MA). 3 d  later, crude membrane  preparations were re- 
suspended  in 2% Triton X-100,  50 mM Tris-HC1, pH 7.4,  SDS- 
deficient RIPA Buffer and incubated for 2 h  at 4~  Antibodies 
were added for an overnight incubation at 4~  Protein A beads 
50% slurry (Pierce Chemical Co.) were added and incubated for 
1  h.  The  beads  were washed  with  PBS.  2￿  sample  buffer was 
added to the pellets and the proteins were analyzed on 10% acryl- 
amide gel and detected by fluorography. 
(b) Immunoblots. Cells were scraped and washed in PBS and col- 
lected in ice cold homogenization buffer  (1  mM EDTA,  1 mM 
EGTA, 5 mM Tris, pH 8.0)  containing protease inhibitors. They 
were then  homogenized in a  Dounce  homogenizer and  centri- 
fuged at 1,000 gfor 5 min. The supernatant was then centrifuged 
at 17,000 rpm for 1 h. The pellet was resuspended in the buffer 
and  saved at  -80~  Protein  concentration  was  determined  by 
the  Lowry method  (Bio-Rad  Laboratories,  Grand  Island,  NY). 
The homogenate was solubilized in SDS electrophoresis sample 
buffer and  analyzed  using  12.5%  polyacrylamide SDS gel.  Pro- 
teins were transferred to nitrocellulose membrane  (Midland Sci- 
entific Inc., Omaha, NE) using the semidry transfer method. The 
membrane was blocked with 5% dry milk, 0.1% Tween-20 in TBS 
and incubated with the UB-Ab antibody (Upstate Biotechnology 
Incorporated, Lake Placid, NY). The blot was subsequently incu- 
bated with an anti-rabbit IgG conjugated with Biotin and Strepta- 
vidin-HRP conjugate (Amersham Corp., Arlington, IL). 
Oocyte Isolation and Injection 
Oocytes were isolated and microinjected as previously described 
(Logothetis et al., 1992, 1993). 
Electrophysiological Studies 
Two-electrode voltage clamp on Xenopus oocytes was performed 
as previously described  (St/ihmer, 1992; Logothetis et al., 1992), 
using  a  Gene  Clamp  500  amplifier  (Axon  Instruments,  Foster City, CA). Microelectrodes were filled with 3 M KC1 and had resis- 
tances of 0.5-1.0 M~. Bath solutions had the following composi- 
tion: low potassium (LK) in millimolar: KC1 2, NaCI 91, MgCI  2 1, 
NaOH/HEPES  5,  CaC12 1.8, pH  7.4; high  potassium  (HK, 
ND96K) in millimolar: KC191, NaC11, MgC12 1, KOH/HEPES 5, 
CaCI~ 1.8, pH 7.4. Bath solutions containing 26 or 50 rnM K  + had 
the NaC1 concentration  accordingly adjusted so that the osmolar- 
ity of the solutions was kept constant. Niflumic acid (300 IxM) was 
routinely added to the bath solutions to block chloride currents 
(Sigma Chemical Co., St. Louis, MO). Single channel actMty was 
recorded  under vohage clamp with standard  patch-clamp meth- 
ods  (Hamill et al., 1981; Methfessel et al., 1986) using an Axo- 
patch  200A amplifier  (Axon Instruments).  For  oocyte  patch- 
clamp recordings,  the pipette  solution contained  ND96K, while 
bath  solutions  contained  EGTA as  well (96  mM  KCI, 5  mM 
EGTA, 1 mM MgCI>  and 10 mM HEPES, pH 7.4). 5 txM ACh and 
50 IxM gadolinium were also included in the pipette solution. For 
recordings  with CHO  cells, solution  K1  (120 mM  KC1, 2 mM 
MgC1,,, 10 mM HEPES, and 5 mM EGTA, pH 7.35) was used in 
the bath, and KCA2 (K1 with 2 mM CaCI  2 and without EGTA) 
was used in  the  pipette.  Most of the  single-channel recordings 
were performed  keeping  the  membrane  voltage clamped  at 
-100  mV.  Some  were recorded  with voltage-ramp  protocols 
(-100 to  +100 mV) from a holding  potential  of 0 mV. Single- 
channel currents were sampled at 5-10 KHz and filtered at 2 KHz 
with the Axon Instruments  interface DIGIDATA 1200. pCLAMP 
(version 6.01, Axon Instruments) was used for primary data anal- 
ysis. All electrodes used were made from WPI-K  borosilicate glass, 
using a Flaming-Brown micropipette  puller  (Sutter  Instrument 
Co., Novato, CA). All experiments were performed at 20-25~ 
RESULTS 
Cloning of Two Human Inwardly Rectifying 
Potassium Channels 
A PCR-generated cDNA probe, spanning the M1 through 
M2 regions (298 bp long) ofGIRK1 (Kubo et al., 1993), 
was used  to screen  a  human fetal brain  cDNA library 
(Clontech). Under low stringency conditions, two posi- 
tive clones  (one strongly, hGIRK1, and one weakly hy- 
bridizing, hKGB, where h, human; B, brain) were iden- 
tified  and  isolated.  Sequencing  of  hGIRK1  revealed 
only six  amino acid differences from the  correspond- 
ing  rat  clone.  These  were  (human,  position,  rat): 
D32G, T64N, I295V, T396S, A481P and A482T (Acces- 
sion No. U39196). Sequencing of hKGB revealed a par- 
tial length cDNA clone of 1.173 kb which showed 69% 
identity  to  the  rat  GIRK1  nucleotide  sequence  (data 
not shown).  A  DNA probe  corresponding to  the  last 
360 bp of the 3' end of hKGB (t857-c1218) was gener- 
ated by PCR and was used under high stringency condi- 
tions  in  Northern  blot analysis  of poly A + RNA from 
eight different human tissues  (Clontech, Fig. 1 A). The 
tissue  distribution  in  order  of relative  abundance  of 
hKGB  cRNA was:  pancreas,  kidney,  heart,  placenta, 
lung, and brain.  Under these conditions, hKGB cRNA 
was not detected in skeletal muscle and liver.  Due to the 
relatively high abundance  of the  hKGB cRNA in  pan- 
creas,  a  full-length clone was obtained  by screening a 
human  pancreatic  cDNA library with  the  same  DNA 
probe used in the Northern blot. Under high stringency 
conditions,  51  strongly  hybridizing  clones  were  de- 
tected. Ten cDNA clones were analyzed and a  1.734 kb 
clone  (hpl6)  was  sequenced  completely.  1.257  kb  of 
this clone comprised an open reading frame (KGP; Fig. 
1 B; accession No. U39195) with the position of the ini- 
tiating methionine being suggested by the existence of 
three in frame stop codons in the 5' noncoding sequence. 
Nucleotide  comparison  of  KGP  with  hKGB  showed 
99.6%  identity  and  revealed  that  the  brain  partial 
length clone was missing 33 and 51 bp from the coding 
5'  and  3'  ends,  respectively. Comparison of KGP with 
recently reported  recombinant and  functionally char- 
acterized  rat  cardiac  channels  rcKir3.4  (rCKATp1; Ash- 
ford et al.,  1995; CIR: Krapivinsky et al.,  1995)  revealed 
as many as 26 amino acid differences (circled amino ac- 
ids in Fig. 1 B). KGP, however, was virtually identical to 
a clone referred to as human cardiac RAT  P (hCKATP:  Ash- 
ford et al., 1995; G388 is R in hCKATe), which has not yet 
been functionally characterized. A Walker type-B motif 
(Walker et al.,  1982) was identified in both the pancre- 
atic  and  cardiac  sequences  (K/RXXXGXXXL~: 
where X denotes any amino acid and ￿9  any hydropho- 
bic amino acid) at position 160, which represents a sin- 
gle  putative  nucleotide-binding  site  (Fig.  1  B,  boxed 
amino acids). Additionally, six potential protein kinase 
C phosphorylation sites  (T37, S/T57, T70, T158, $209, 
and $233) and six potential casein kinase II phosphory- 
lation  sites  (T18,  T80,  $209,  T263,  $321,  T350),  com- 
mon  to  both  KGP  and  the  cardiac  Kir3.4  channels, 
were identified. 
Heterologously Expressed KGP Associates with hGIRK1 
KGP was stably transfected in CHO cells. PolyA  + as well 
as  total  RNA were  isolated  from one  such  clonal  cell 
line  (CHO No. 6), as well as from untransfected cells, 
and were probed with the 1.257-kb coding sequence of 
KGP. A signal corresponding to KGP was obtained only 
with the RNA from the stably transfected cell line  (Fig. 
2 A, Lnl: polyA  +, Ln3: total RNA). An antibody raised 
against the rat NHz terminal 21 amino acids of rcKir3.4 
(rCKATPI; Upstate Biotechnology: UB-Ab), which shares 
a contiguous identity with KGP in  16 residues, was used 
in immunoblot and immunoprecipitation experiments. 
In Western immunoblots, a 45-kD band was identified, 
using  UB-Ab  in  membranes  from  stably  transfected 
CHO cells (CHO No. 6; Fig. 2 B, Ln: 2), but was absent 
in  untransfected  CHO control cells  (Fig.  2  B,  Ln:  1). 
Fluorographic detection of the in vitro translated KGP 
protein is shown in Fig. 2  C. The 45-kD protein corre- 
sponding to KGP showed no evidence for glycosylation 
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FIGURE  1.  Tissue  distribution  of  KGP  cRNA  and  its  nucleotide  and  deduced  amino  acid  se- 
quences.  (A)  Northern blot analysis of multiple human tissue polyA  + RNA  (2  v.g/lane)  showed 
greatest abundance in pancreas. At least three strongly hybridizing bands (~2.19, 4.17 and 5.75 kb) 
could be distinguished in the various tissues.  (B) The nucleotide sequence of KGP is shown (nucle- 
otide count on the left) with the deduced amino acid sequence (amino acid count on the right) in- 
dicated on top at the middle of each codon. Bars mark putative transmembrane domains represent- 
ing the M1  (92-113), P  (139-155) and M2  (164-185)  regions, respectively. 5' and 3' untranslated 
sequences are also shown. Stop codons are marked by asterisks. Circled amino acids denote 26 dif- 
ferences between KGP and rcK~Tm (25 differences with CIR; V188 is the same in both sequences, in 
contrast with rCKATm). A putative nucleotideobinding site (Walker type B motif) is boxed. 
-195  aggatggcttaggtacctctgcccacaggaccccacaacagggagaggttccagctacagctcctccgtggggtcatggcaggggct 
-108  ggggagtcccctcaaaagccctgagcccccctgcaccgccgctaagggacaccccagaagttagcatcagtgggactcggaagctccgat 
M  A  G  D  S  R  N  A  M  N  Q  D  M  E  I  G  V  TQ@D@K  K  24 
-18  ctcaacaacatcccagctatggctggcgattctaggaatgccatgaaccaggacatggagattggagtcactccctgggaccccaagaag 
I  P  K  Q  A  R  D  Y  @  P  I  A  T  D  R  T  R  L  L  ~  E  G  K  K  P  R  Q  R  Y  M  54 
73  a  t  tccaaaacaggcccgcgat  tatgtccccat  tgccacagaccgtacgcgcctgc  tgg~cgagggcaagaagccacgccagcgc  tacatg 
E  K  @  G  K  C  N  V  H  H  G  N  V  Q  E  T  Y  R  Y  L  S  D  L  F  T  T  L  V  D  L  84 
163  gagaagagcggcaagtgcaacgtgcaccacggcaacgtccaggagacctaccggtacc  tgagtgacctct  tcaccaccc  tggtggacc  tc 
K  W  R  F  N  L  L  V  F  T  M  V  Y  T  @  T  W  h  F  F  G  F  I  W  W  L  I  A  Y  (~  114 
253  aagtggcgct  tcaact  tgc  tcgtc  t  tcaccatggt  t  tacactgtcacctggctgt  tct  tcggc  t  tcat  ttggtggc  tca  t  tgc  t  tata~[c 
R  G  D  L  D  H  V  G  D  Q  E  W  I  P  C  V  E  N  L  S  G  F  V  S  A  F  L  F  S  I  144 
343  cggggtgacctggaccatgttggcgaccaagagtggattcct  tgtgttgaaaacctcagtggcttcgtgtccgc  t  t  tcctgt  tctccat  t 
E  T  E  T  T  I  G  Y  G  F  R  V  I  T  E[K  C  P  E  G  I  I  L  L  L  V  Q  A[  I  L  174 
433  gagaccgaaacaaccat  tgggtatggcttccgagtcatcacagagaag  tgtccagaggggattatactcc  tct  tggtccaggccatcctg 
G  S  I  V  N  A  F  M  V  G  C  M  F  @  K  I  S  Q  P  K  K  R  A  E  T  L  M  F  S  N  204 
523  ggctccatcgtcaatgccttcatggtggggtgcatgtttgtcaagatcagccagcccaagaagagagcggagaccctcatgttttccaac 
N  A  V  I  S  M  R  D  E  K  L  C  L  M  F  R  V  G  D  L  R  N  S  H  I  V  E  A  S  I  234 
613  aacgcagtcatctccatgcgggacgagaagctgtgcctcatgttccgggtgggcgacctccgcaactcccacatcgtggaggcctccatc 
R  A  K  L  I  K  S  R  Q  T  K  E  G  E  F  I  P  L  N  Q  T  D  I  N  V  G  F  D  T  G  264 
703  cgggccaagc  tca  tcaagtcccggcagaccaaagagggggagt  tca  tccccct  gaaccagacagacatcaacgtgggc  t  t  tgacacgggc 
D  D  R  L  F  L  V  S  P  L  I  I  S  H  E  I  N  E  K  S  P  F  W  E  M  S  @  A  Q  L  294 
793  gacgaccgcctcttcctggtgtctcctctgatcatctcccacgagatcaacgagaagagccctttctgggagatgtctcaggctcagctg 
Q  E  E  F  E  V  V  V  I  L  E  G  M  V  E  A  T  G  M  T  C  Q  A  R  S  S  Y  M  D  324 
883  catcaggaagagtttgaagttgtggtcattctagaagggatggtggaagccacaggcatgacctgccaagcccggagctcctacatggat 
T  E  V  L  W  G  H  R  F  T  P  V  L  T  L  E  K  G  F  Y  E  V  D  Y  N  T  F  H  D  T  354 
973  acagaggtgctctggggccaccgattcacaccagtcctcaccttggaaaagggcttctatgaggtggactacaacaccttccatgatacc 
Y  E  T  N  T  P  S  C  C  A  K  E  L  A  E  M  K  R  @  G  @  L  L  Q  @  L  P  S  P  P  384 
1063  tatgagaccaacacacccagctgctgtgccaaggagctggcagaaatgaagagggaaggccggctcctccagtacctccccagcccccca 
A  A@@@A  A  414 
1153  c  tgc  t  ggggggc  t  g  tgc  tgaggcagggc  t  gga  tgcagaggc  tgagcagaa  t  gaagaaga  tgagcccaaggggc  tggg  tggg  t  ccagggag 
@  R  G  S  @  *  419 
1243  gccaggggctcggtgtgaggggtgcagcctccctaagacctcctgtcactggcttcagtgaacacagacactgcagagcctgggagcagg 
1333  ggaggggaatagttgagtgtgctgtttgggggctcaggagccatcaagtctgtggggaggaaccataaacccagccctcacagctcccag 
1423  cacagggcctccctgagccagtggcatcctgcctgggccccccatggcagtgctgcctcttgtaggtgctggctaagggccaggccagga 
1513  tgagtttcc 
385  CHAN ET AL. FmURE 2.  Detection  of KGP cRNA and protein  in 
cells and cell-free systems. (A) Northern blot analysis of 
total and poly A  + RNA extracted from CHO cells ei- 
ther stably transfected with KGP (clone No. 6) or from 
untransfected  controls. Hybridization signals were ob- 
fained with either poly A  + or total RNA from trans- 
fected ceils (lanes 1 and 3) but not from.untransfected 
controls  (lanes  2 and  4).  3  p~g of polyA  + RNA was 
loaded,in each of lanes  1 and 2, while 20 p~g of total 
RNA was loaded in each of lanes 3and 4. (B) Western 
immunoblots of membrane proteins from stably trans- 
fected CHO cells identify a 45-kD band corresponding 
to KGP. Membrane proteins from control  and trans- 
fected  cells  were  solubilized  and  electrophoresed, 
transferred to nitrocellulose,  treated with UB-Ab and 
visualized by chemiluminescence  (see  experimental 
procedures). In this blot, a specific 45-kD band was de- 
tected in KGP transfected  CHO ceils (lane  2) but not 
in  the  corresponding controls  (lane  1).  (C)  Fluor~ 
graphic detection  (~SS,methionine). of in vitro  trans- 
lated KGP in the absence (lanes~ 1, 3, 5) or presence 
(lanes 2, 4, 6) of  canine microsomes. The in vitro trans- 
lated KGP product gave a 45-ki) band, which in the presence,of canine microsomes showed no evidence for glycosylation (lanes 3--6). In 
contrast, under, similar .conditions, the Saecharomyces r  o~-factor  (18 kD band, lane  1) was efficiently glycosylated in the presence of 
canine microsomes (lane 2). The in vitro translated products (as shown in lanes.3 and 4) were immunoprecipitated with UB-Ab (see text 
and experimental procedures.for details) and detected by fluorogr~phy (lanes 5 and 6). The 45-kD band was the major immunoprecipi- 
tated protein. (D) Coimmunoprecipitations  of heteromeric subunits  from Xenopus oocyte membranes. Ub-Ab  was used in lanes  1-3 m 
coimmunoprecipitation experiments u~ing crude membranes from uninjected  oocytes (lane 1), oocytes injected with KGP cRNA (lane 2), 
and oocytes coinjected  with KGP and kGLRK1 (lane 3). GIRK1-Ab  was used in lanes 4--6 in coimmunoprecipitation experiments using 
crude memhranes from uninjected  oocytes (lane 4), oocytes iojected with hGIRK1 cRNA (lane 5), and oocytes coinjected with hGIRK1 
and KGP (lane 6). The bands at 45 kD indicate immunoprecipitated KGP protein while the doublet at 56-58 kD indicates immunoprecip- 
itated hGIRK1 protein. 
when translated in the presence of canine microsomes 
(Fig. 2  C, Lns: 3, 4), in contrast with the a-factor of Sac- 
charomyces cerevisiae  (18-kD band is the rtonglycosylated 
product; Fig. 2  C, Ln: 2)  and in agreement with results 
obtained with CAR (Krapivinsky et al., 1995). Moreo.ver, 
UBAb  was.successful  ha  immunoprecipitating  the  in 
vitro translated KGP protein  (Fig.  2  C, Lns: 5,  6)  both 
in the absence  (Fig. 2  C, Ln: 5)  or presence (Fig.. 2. C, 
Ln: 6) of canine microsomes. An affinity purified C-ter- 
minal  peptide  antibody  raised  against  the  rat  GIRK1 
COOH-termiJaal end  (GIRK1-Ab, Q375-T501; Ponce et 
al.,  1995)  was used in parallel with UB-Ab in immuno- 
precipitation  experiments  using  metabolically labeled 
oocyte  membranes  expressing  the  KGP  and  hGIRK1 
channels  alone or together  (Fig.  2 D).  UB-Ab precipi- 
tated, a  45-.kD  band  from  oocytes  injected  with  KGP 
cRNA (Fig, 2 D, Ln: 2) but not from uninjected oocytes 
(Fig.  2  D,  Ln:  1).  Furthermore,  ha  oocytes coinjected 
with  KGP  and  GIRK1  cRNAs,  UB-Ab  coprecipitated 
along with the 45-kD band a doublet of ~56-58 kD cor- 
responding to hGIRK1  (Fig. 2 D, Ln: 3). The 21 amino 
acid. peptide  that the UB-Ab was produced against was 
synthesized and used in identical s 
experiments. In the presence of this peptide (18.8 p,M) 
immunoprecipitation  of  KGP  or  coprecipitation  of 
KGP and hGIRK1 were inhibited (data not shown). Sim- 
ilarly, GIRK1-Ab precipitated a ~56-58-kD doublet from 
oocytes injected with hGIRK1 cRNA (Fig.. 2 D, Ln: 5)  but 
not from uninjected oocytes (Fig. 2 D, Ln: 4). In oocytes 
coinjected  with  KGP  and  hGIRK1  cRNAs,  GIRK1-Ab 
coprecipitated along with the ~56-58-kD bands a 45-kD 
band  (Fig.  2  D,  Ln:  6).  These  results  strongly suggest 
that in oocytes KGP and hGIRK1 associate in a  hetero- 
meric complex.  Interestingly, in  oocytes injected  with 
hGIRK1  alone,  GIRK1-Ab  coprecipitated  along  with 
hGIRK1  an  endogenous  protein  of similar  molecular 
weight as KGP, suggesting that Xenopus oocytes express 
an  endogenous  protein  capable  of  associating  with 
hGIRK1. 
KGP Gives Rise to a Ba2+-blocked, Inwardly 
Rectifying Current 
Xenopus oocytes were injected with ha vitro transcribed 
KGP cRNA and membrane currents were recorded two 
or more days later using  two-electrode voltage clamp. 
In  most  experiments,  oocytes  were  initially  perfused 
with  low potassium  (LK)  solution  ND96  containing  2 
mM KCI. Voltage steps  to  -80  mV were  given from a 
holding level of 0  mV. The magnitudes of hyperpolar- 
386  A Recombinant Inwardly Rectifying Potassium Channel Coupled to GTP-binding Proteins TABLE  I 
Oocytes  LK  HK  HK-PTX  ACh  ACh-PTX  Ba  ~+  Bae+-PTX 
Uninjected  0.13 -+ 0.02  0.31 '+ 0:03  0.03 -+ 0.02 
(9)  (9)  --  --  (9)  -- 
hm2  0:06 +- 0.02  0.38 +-- 0.14  0.03 +--'0.02  0.00 -  0.02 
(12)  (12),  (12~  (5)  -- 
KGP  0.18  -+ 0.03  1.60  -  0.45  0.98 +- 0.14  0.04 -+ 0.05  1.02  -+ 0.29 '  0.30 + 0'.07 
(20)  (20)  (6)  (13)  (20)  (6) 
KGP+hm2  0.25 +  0.03  2.37 -+ 1.00  1.04 -+ 0.02  1.67  -+ 0.22  0.44 +- 0.07  2.88 -+ 0.51  0.82 + 0;10 
(23)  (23)  (7)  (23)  (7)  (7)  (3) 
Values: Mean +  SEM of magnitude of currents in microamperes. LK: Hyperpolarization-activated  currents in low potassium solution. HK: Hyperpolarizao 
tion-activated currents m high potassium solution. HK-PTX:  Same as (HK) but oocytes incubated in 1 Ixg/ml pertussis toxin immediately  following  cRNA 
injections. ACh: ACh-induced currents (currents in HK containing  ACh-HK without ACh). ACh-PTX:  Same as (ACh) but oocytes incubated in 1 ~g/ml 
pertussis toxin. Ba2+: Currents blocked by Ba  2+  (m HK solution). In KGP+hm2 experiments, Ba  e+ applied in presence of ACh. Ba2+-PTX: S~ne as' in 
(Ba2+). In both sets of experiments Ba  2+ was applied in presence ofACh. ( ): Number of experiments performed. 
ization-induced  inward  currents  recorded  in  oocytes 
have been summarized in Table I. Uninjected oocytes 
bathed in LK solution gave currents similar to those of 
injected oocytes. To maximize inward K + currents, the 
bath solution was changed to a high K + (HK) contain- 
ing  solution  ND96K,  containing  96  mM  KC1. Unin- 
jected  oocytes bathed  in  HK gave  larger  inward  cur- 
rents than when bathed in LK solutions, indicating the 
presence of endogenous inward K + currents. Applica- 
tion of 200 IxM BaCI2  in HK had no effect on the en- 
dogenous inward currents, as previously reported (Das- 
cal et al., 1993b; Fig. 3, A and B). In contrast, as shown 
in Fig.  3  C,  oocytes from the  same  frogs as  the  unin- 
jected controls injected with KGP cRNA yielded signifi- 
cantly larger currents. Moreover, in the same oocytes, 
200  p~M  BaC12 blocked a  large  component of the  in- 
ward  current  (Fig.  3,  C  and  D),  suggesting  that  the 
KGP-generated  current  is  blocked  by  Ba  2§  Current- 
voltage relationships of the BaZ+-sensitive currents from 
uninjected (diamonds) vs injected (triangles) oocytes re- 
vealed the inwardly rectifying properties of KGP (Fig. 3 
E).  These  results  showed  that  KGP produces  a  Ba  2+- 
blocked, inwardly rectifying current. 
Receptor-mediated  Activation of KGP Currents via 
PTX-sensitive G Proteins 
Oocytes injected with  KGP  channel  cRNA alone  did 
not  show  significant ACh-induced  currents.  200  p~M 
Ba  2§  as shown previously in Fig.  3 D, blocked part of 
the current seen in the presence of HK (Fig. 4 A). Oo- 
cytes injected with hm2 receptor cRNA alone showed 
no  significant ACh-induced  or  Ba2+-blocked currents 
(Table I). In contrast, oocytes coinjected with hm2 and 
KGP cRNAs exhibited significantly greater ACh-induced 
currents (Fig. 4 B). After ACh application, 200 IxM Ba  2+ 
(in  the  continued  presence  of ACh),  not  only abol- 
ished the ACh-induced current but also blocked part of 
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the agonist-independent current, as'was shown earlier 
in Figs. 3 D and '4 A  (Fig. 4 B). Oocytes from the same 
batch as those in Fig. 4, A and B, were treated in the 
same manner but were also incubated in pertussis toxin 
(PTX), immediately after injection. Fig. 4  C shows the 
effect of a 2-d PTX treatment on the currents of an oo- 
cyte injected with  KGP cRNA alone.  Small  basal  and 
Ba2+-sensitiVe  currents were obtained.  Similarly, small 
agonist-dependent  currents  were  obtained'from  oo- 
cytes coinjected with KGP and hm2 cRNAs  (Fig. 4 D). 
The results from several experiments similar to those 
shown in Fig. 4, A-D/have been summarized and com- 
pared in bar graph  form in Fig.  4, E  and F.  Fig.  4 .E 
plots the percent effect of pertussis toxin  (PTX)  treat- 
ment  (crossed  b~zrs) on currents from oocytes injected 
with  KGP  cRNA  alone,  as  compared  with  the  same 
number of PTX-untreated controls  (open bars,  100%). 
PTX  treatmen't caused  a  significant reduction  in  HK 
currents  as  well  as  in  the  magnitude  of  the  Ba  2§ 
blocked  currents.  In  oocytes coinjected with  KGP and 
hm2 cRNAs  (Fig. 4 F), PTX treatment significantly di- 
minished currents in HK (in the absence ofACh), a re- 
sult consistent with that obtained with KGP expression 
alone  (Fig.  4  C).  Similarly,  PTX  significantly  dimin- 
ished,  the  magnitudes  of  ACh-induced  and  B~t  2+- 
blocked currents  (Fig. 4 D). Oocytes injected with the 
voltage-gated  channel  Kvl.1  showed  currents  which 
were not significantly different in the presence or ab- 
sence of PTX, arguing against nonspecific PTX effects 
(n =  6; data not shown). These results strongly suggest 
that KGP channels can couple to PTX-sensitive G  pro- 
teins not only to elicit agonist-dependent but also basal 
activity. 
KGP Gives Rise to Strong Inwardly Rectifying K + Currents 
Families  of currents  elicited  at voltage  steps  ranging 
from  -100  to  +60  mV,  from a  holding  potential  of A 
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0 mV, were obtained from oocytes coinjected with KGP 
and  hm2  receptor.  Both  the  ACh-induced  and  Ba  z+- 
blocked  (in  the  presence  of ACh)  currents  exhibited 
strong  inwardly  rectifying  properties  (Fig.  5,  A-C). 
ACh-induced (Fig. 5, A and C, circles) and Ba'~+-blocked 
currents  (Fig. 5,  B and  C,  triangles)  showed  equivalent 
strong  inward  rectification,  similar  to  that  seen  with 
Ba2+-blocked  currents  of  KGP  alone,  as  previously 
shown in Fig. 3 E  (Fig. 5  C; mean  +  SEM,  n  =  13). The 
reversal potentials of the ACh-induced currents showed 
a 53 mV change per 10-fold change in external K + con- 
centration,  similar  to  that  expected  of  a  potassium- 
selective channel  (Fig. 5 D). 
Single-Channel Characteristics  of KGP 
Single-channel activity of KGP could be detected in ei- 
ther oocytes  (Fig. 6,  A,  C, D)  or CHO  cells expressing 
FIGURE 3.  KGP  gives  rise  to  a 
Ba2+-blocked  inwardly rectifying 
current.  Two  electrode voltage- 
clamp  recordings from  Xenopus 
oocytes each injected with ~4 ng 
KGP  cRNA.  Hyperpolarization 
steps to -80 mV from a holding 
potential of 0 mV were ~ven ev- 
ery 4 s. The current traces in LK 
solution  have  been  subtracted 
from all current traces in subse- 
quent  conditions.  Recordings 
were performed 2-4 d after injec- 
tions.  (A)  Recordings  from  an 
uninjected oocyte. Trace  1 is the 
zero current in LK, 2 is the cur- 
rent in HK solution, 3 is the cur- 
rent  in  HK solution containing 
200  ~tM BaC1.). (B)  The current 
measured at the end of each volt- 
age pulse in the experiment in A 
is plotted as a function of time. 
(O  Recordings similar to  those 
in A from an oocyte injected with 
~4 ng of KGP cRNA.  (D)  Time 
course of currents from  the ex- 
periment in  C.  (13  Representa- 
tive current-voltage relationships 
of Ba')+-blocked currents from an 
uninjected oocyte  (diamonds) vs 
an  oocyte  injected  with  KGP 
cRNA (triangles). 
the  KGP  channel  (Fig.  6,  B  and  E).  Oocytes  injected 
with KGP cDNA displayed characteristic channel  activ- 
ity  (55  out  of  103  patches  or  53%,  data  not  shown) 
which  was  absent from  uninjected  controls  (n  =  35). 
Similarly, oocytes coinjected with KGP and  hm2  often 
displayed similar characteristic channel  activity in cell- 
attached  recordings  (27  out  of  33  patches  or  82%; 
5  IxM  acetylcholine  present  in  the  pipette;  Fig.  6  A). 
Upon  patch  excision  channel  activity was  abolished. 
Coapplication of 2  mM MgATP and 50  IxM GTPyS was 
capable  of  stimulating  KGP  activity  in  patches  from 
oocytes expressing KGP  (2 out of 17  patches  or  12%) 
but  not  in  uninjected  oocytes  (n  >  35).  Stably trans- 
fected CHO  cells (with KGP cDNA alone)  showed rare 
and low basal KGP channel activity (7 out of 35 patches 
or  20%),  presumably  due  to  either  lower  expression 
levels  or  less  optimal  environment  than  in  oocytes. 
Control,  untransfected  CHO  cells  showed  no  KGP 
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FIGURE  4.  Receptor-mediated  activation  of 
KGP currents via PTX-sensitive G proteins. (A) 
Time course of currents from an oocyte injected 
with ~4 ng KGP and tested  2 d after injection 
(similar experiment as in Fig. 3 D but in addi- 
tion testing for response to application of 100 
p~M ACh).  (B) Time course of currents from an 
oocyte coinjected with hm2 (~1  ng) and KGP 
(~4 ng) and tested 3 d after injection. (C) Same 
as A but PTX treated for 2 d  (1  I~g/ml).  (D) 
Same as (B) but PTX treated for 2 d (1 p~g/ml). 
Oocytes were  injected with KGP or coinjected 
with KGP and hm2 and divided into two groups, 
one of which was treated with 1 ~g/ml PTX. 2 d 
later PTX-treated  (striped bars) and untreated 
groups (open bars) were studied in parallel and 
currents elicited in response to 80-mV hyperpo- 
larizations were measured, under the conditions 
indicated below.  Mean  currents  of  the  PTX- 
treated group were plotted as percentages of the 
corresponding untreated controls in bar graph 
form. The numbers in parentheses indicate the 
numbers of paired experiments performed for 
each condition, while the asterisks indicate the 
significance level of the effect of the PTX treat- 
ment (paired t test: *, P <  0.05; **, P <  0.01). 
(k30ocytes injected with KGP alone (no hm2) 
showed diminished HK-induced currents when 
PTX  treated.  Similarly,  Ba2+-blocked currents 
were significantly reduced.  (N  In oocytes coin- 
jected with KGP and hm2 currents induced in 
HK solution were significantly reduced (differ- 
ence of the currents in LK from those in HK so- 
lutions). ACh-sfimulated  currents of these  oo- 
cytes were also significantly reduced (difference 
of the currents recorded in HK solution in the 
absence from those recorded in the presence ofACh). Similarly, Ba2+-blocked  currents of the same oocytes showed a significant  reduction 
(difference of the currents obtained in ACh-containing  HK solution in the presence from those recorded in the absence ofBa2+). 
channel activity  (n  =  68).  Although  cell-attached  re- 
cordings  from  transfected  CHO  cells  exhibited  low 
channel activity  (data  not shown),  inside-out patches 
sometimes responded to bath co-applications of 2  mM 
MgATP and 50 IxM GTP~/S, in a manner similar to that 
reported for CIR (Krapivinsky et al.,  1995; 2  out of 10 
patches or 20%; Fig. 6 B). 
The brief, poorly resolved channel openings of KGP 
made an accurate determination of single-channel  con- 
ductance and open-time kinetics difficult. As shown in 
the amplitude histogram of Fig. 6  C (at -100  mV), sin- 
gle-channel currents were  in  the  range  of  1.5-3  pA, 
suggesting a  value in conductance between  15-30 pS. 
The average open time at  -80  mV was %  =  0.4  -4-  0.1 
ms  (mean  +  SEM;  n  =  7;  sampled  at  10  KHz).  The 
strong inwardly rectifying properties of KGP were dem- 
onstrated with voltage ramps from  -100  to  + 100 mV 
in  either  injected  oocytes  or  transfected  CHO  cells 
(Fig. 6, D and E, respectively). 
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Lack of Functional Expression of GIRK1 in Stably 
Transfected  CHO Cells 
CHO control untransfected as well as cells stably cotrans- 
fected with rat GIRK1  and hm2 receptor cDNAs were 
tested  electrophysiologically. Cell-attached  recordings 
with 5  I~M ACh in the pipette, showed no novel single- 
channel activity in  the  transfected  (n  =  42)  as  com- 
pared to the untransfected controls (n >  100; data not 
shown). 
Coexpression of KGP and hGIRK1  Yields Large Inwardly 
Rectifying Currents 
It was recently shown that coexpression of the rat car- 
diac  CIR and GIRK1  channels resulted in severalfold 
larger currents than those obtained from expression of 
either recombinant channel alone  (Krapivinsky et al., 
1995). We tested coexpression of our homologous re- 
combinant channels, KGP and hGIRK1, with  hm2  re- A 
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FIGURE 5.  The receptor-activated KGP currents are strongly in- 
ward rectifying and potassium selective. Two electrode  voltage- 
clamp recordings from Xenopus oocytes coinjected with KGP (~4 
ng) and hm2 receptor  (,'-d ng). (A) Currents elicited by ACh (to- 
tal current in the presence of ACh minus HK-induced current)  in 
response to a family of voltage steps ranging from-100 to +60 
mV, from a holding potential  of 0 mV, every 2 s.  (B)  Currents 
blocked by Ba  2÷ in response  to the same voltage protocol as in 
A. (C) Current-voltage  relationships of  ACh-sensitive (circles,, as in A; 
mean +  SEM; n =  13)  and BaZ+-blocked currents (triangles; as 
in B; mean + SEM; n = 13) show similar strong inwardly rectifying 
currents.  (D) Reversal potentials ofACh-induced KGP currents as 
a function of extracellualr potassium concentration. The slope ob- 
tained, 53-mV  change in reversal potential per 10-fold change in 
external K concentration, is similar to the value of 58 predicted by 
the Nernst equation for a potassium selective current. 
ceptors in  Xenopus oocytes. Hyperpolarizations in  HK 
bath solutions induced large magnitude currents, while 
in  the  same  oocytes ACh  caused  a  further  large  in- 
crease  (Fig.  7 A; range of total currents 3-50 I-~A; n  = 
84). The current-voltage relationship of the high potas- 
sium-induced  current  in  the  absence  or  presence  of 
ACh showed strong inwardly rectifying properties  (Fig. 
7 B). Cell-attached recordings revealed prominent sin- 
gle-channel activity with kinetics and conductance char- 
acteristics similar to KACh, in agreement with  previous 
results (Krapivinsky et al., 1995; Fig. 7 D). 
Coexpression of  KGP and hGIRKI Does Not Preferentially 
Enhance theAgonist-dependent Fraction of the Total 
Potentiated Current 
Current  measurements  comparing  the  relative  func- 
tional expression of hm2 receptor with the hGIRK1 or 
KGP subunits alone, or of coexpression with the heter- 
omer hGIRK1/KGP were obtained.  Currents resulting 
from control oocytes injected with hm2 receptor were 
subtracted from those coinjected with hm2 and chan- 
nel subunit(s).  Fig. 8 A shows current-voltage relation- 
ships from oocytes bathed in HK solution. Comparable 
ACh-induced currents were obtained, as shown in Fig. 
8 B. The Ba2+-sensitive currents constituted the sum of 
the ACh-induced and HK currents and showed a simi- 
lar  pattern  of potentiated  currents.  The  relative  cur- 
rents  resulting  from  the  channel  subunits  injected 
alone or together were  compared in bar graph form. 
The  hyperpolarization-induced currents  (at  -80  mV) 
in the presence of  ilK (open bars) and the ACh-induced 
currents  (cross-hatched  bars) are  shown  in  Fig.  8  D. 
hGIRK1 produced small HK currents  (-0.035  -+ 0.023 
~A)  and  a  smull  increase  in  the  presence  of ACh 
(-0.028 -+ 0,009 p.A). KGP produced HK currents which 
were  threefold  larger  than  hGIRK1  (-0.113  -+  0.023 
~A)  and were further increased with ACh  (-0.176  _+ 
0.013  p.A),  Oocytes  coinjected  with  both  channels 
(hGIRKI/KGP) produced HK currents which were 20- 
fold greater than KGP and 65-fold greater than hGIRK1 
(-2.275  -+  0.214  Wk).  ACh  resulted  in  a  further  in- 
crease (-1.913 +- 0.206 p~A). Thus, both basal (agonist- 
independent) and  agonist-dependent  currents  were 
comparable  in  magnitude  whether  the  two channels 
were expressed alone or together. 
PTX Effects on Heteromeric Channel Currents 
Since PTX reduced both basal and agonist-dependent 
KGP currents, its effects were also tested on the hetero- 
meric channel currents.  Oocytes were coinjected with 
hm2 receptor and the hGIRK1 and KGP subunits, and 
5 d  later gave basal currents that were more than dou- 
bled in the presence of ACh (Figure 9 A). The currents 
remaining after application of 200 I~M Ba  2+ were indic- 
ative of oocyte endogenous K + currents. The 5-d PTX 
treatment resulted in significantly diminished currents 
while ACh effects were abolished. Ba  2+ blocked a small 
PTX-insensitive component of the current.  In oocytes 
coinjected with the channel subunits alone, PTX caused 
a significant reduction in basal currents (Fig. 9 B), simi- 
lar in magnitude to that obtained when hm2 receptor 
was also coexpressed (see Fig. 9 A). The effects of PTX 
on the currents of the coinjected channels were there- 
fore  similar  to  those  of the  KGP channel,  suggesting 
that the G-protein gating and PTX sensitivity of the het- 
eromer can  be  attributed  at least  in  part to  the  KGP 
subunit. 
DISCUSSION 
KGP Abundance in Pancreas 
We have cloned a human Kir3.4 (KGP)  channel which 
is expressed in a  number of tissues.  The predominant 
abundance of the Kir3.4 message in pancreas (multiple 
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FICURE 6.  Single-channel properties of KGP expressed in Xenopus  oocytes and in CHO cells. (A) Single-channel activity in a cell-attached 
recording from Xenopus oocytes coinjected with KGP and hm2 cRNAs. The membrane was held at -100 mV. The lower trace was plotted 
on an expanded time scale. (B) Single-channel currents in an inside-out patch from CHO cells stably transfected with KGP cDNA. High 
channel activity resulted by coapplication of Mg-ATP (2 mM) and GTP~S (50 I~M) in the bath. The membrane was held at -100 mV. The 
lower trace was plotted on an expanded time scale. (C) Ml-point histogram plot of the expressed KGP channels from the record shown in 
A, showing the wide amplitude distribution of the open-channel currents, at -100 mV. (D) Current through single channels recorded 
from oocytes injected with KGP cRNA in the cell-attached configuration. The current trace shown (raw data) was obtained by employing a 
voltage ramp protocol (- 100 to + 100 mV from a holding potential of 0 mV). KGP ramps exhibited strong inwardly rectifying properties. 
(E) Current through single channels recorded from a CHO-cell membrane stably transfected with KGP, in the inside-out patch configura- 
tion. The voltage-ramp protocol was the same as in D. The channel was activated by the coapplication of Mg-ATP (2 raM) and GTP-~S (50 
tzM) in the bath solution. 
tissue Northern  blot and numerous  positive clones iso- 
lated  from  cDNA  library)  suggests  that  this  channel 
could form  a  major component  of inwardly rectifying 
currents  found  in  this  tissue  with  a  role  in  the  hor- 
monal regulation of secretion. 
Inward Rectification 
KGP was functionally expressed in Xen0pus oocytes and 
CHO cells and characterized both at the whole-cell and 
single-channel levels. It was shown to be K + selective, to 
be blocked by external Ba  2+, and able to couple to the 
G-protein-linked  hm2  receptor.  Both  the  whole-cell 
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ACh-sensitive and BaZ+-blocked currents showed strong 
inwardly rectifying properties. Similarly, single-channel 
activity in both KGP expressing oocytes and CHO  cells 
exhibited strong inward rectification. Interestingly, the 
single residue in the M2 region, N179, which for mem- 
bers  of other  Kir  subfamilies  has  been  shown  to  be 
partly responsible for the MgZ+-dependent inward rec- 
tification  (weak  rectification  when  it  is  neutral  and 
strong when it is acidic: Lu and Mackinnon, 1994; Stan- 
field et al., 1994; Wible et al., 1994), does not appear to 
function  similarly in  KGP.  Alternatively E231,  which 
corresponds to a  residue in the hydrophilic COOH-ter- 
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FIGURE 7.  Co-expression of KGP and hGIRK1  in Xenopus oocytes yields large inwardly rectifying currents. Each oocyte was coinjected 
with KGP (~8 ng), hGIRK1  (~8 ng) and hm2 receptor (~1 ng) cRNAs and electrical recordings were performed 2-3 d later. (A) Time 
course of currents recorded by two electrode voltage clamp applying 80 mV hyperpolarizing  voltage steps (400 ins long and evm  T 2 s) from 
a holding potential of 0 mV. Currents from oocytes coinjected with both channels, induced in HK solution in the absence or presence of 
ACh, were several fold larger than those produced in oocytes injected with either of the two channels separately. Breaks in the time conrse 
record indicate current responses of voltage steps from -100 to + 100 mV, plotted in B. (B) Current-voltage relationships from the experi- 
ment shown in A in the absence (squares) or presence of ACh (circles). The strong inwardly rectifying properties of the currents resulting 
from the coinjection are evident. (C) Single channel activity recorded from an oocyte coinjected with KGP, hGIRK1 and hm2 cRNA~s in the 
cell-attached configuration. The membrane was held at -100 inV. The lower trace was plotted on an expanded time scale. The longer sin- 
gle-channel openings show KAch-like  kinetic properties, in agreement with the equivalent cardiac clones (Krapivinsky et al., 1995). 
Mg2+-dependent  inward  rectification in  IRK1  (Kir2.1, 
Yang  et al.,  1995),  may be  involved in  producing  the 
strong inward rectification seen with KGP. 
Single-Channel Properties of KGP 
Single-channel openings  of KGP were  brief and  diffi- 
cult to fully resolve, showing a mean open time of ~0.4 
ms. Probably due to the limited resolution, single-chan- 
nel conductance ranged between 15-30 pS. Patch exci- 
sion abolished channel  activity, suggesting that a  cyto- 
plasmic component  was necessary to keep the channel 
active. Neither 2 mM MgATP nor 50  txM GTPyS alone 
were  capable  of  efficiently re-activating  the  channel. 
However,  when  coapplied,  2  mM  MgATP  and  50  IxM 
GTP-/S  could  sometimes  re-activate  KGP  channels. 
These  single-channel characteristics are  in  agreement 
with those previously reported for CIR  (Krapivinsky et 
al.,  1995).  In  the  context  of the  MgATP  requirement 
for channel  activation it is interesting to note  that the 
putative nucleotide binding site which we have  identi- 
fied (Walker type B motif) is intact in GIRK2 and Kit3.4 
channels, but not in GIRK1 and GIRK3 channels. 
KGP Channel Expression Does Not Produce KATV Currents 
The first report of rcKir3.4 cloning and functional ex- 
pression  presented  evidence  that  this  channel  com- 
prised  a  cardiac  KATp conductance  (Ashford  et  al., 
1995).  Subsequently,  it was reported  that the  same re- 
combinant cDNA (independently cloned)  did not rep- 
resent a  KATP channel since it displayed single-channel 
properties  unlike  those  expected  of  a  Kxr p  channel 
(Krapivinsky et al.,  1995).  Our  results with  the  highly 
related  KGP  clone  (25  amino  acid  differences  from 
CIR and 26 from rKaTm)  offer further insight into this 
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FIGURE 8.  Similar relative increases in currents elicited by agonist whether KGP and hGIRK1 are expressed  alone or together. Oocytes 
from the same batch were each injected with hm2, hGIRK1 and hm2, KGP and hm2, or hGIRK1, KGP and hm2 cR-NAs (hm2:~1 ng, 
hGIRKI: ~4 ng, KGP: ~  4 ng). Currents were recorded 4 d after injection in different bath solutions, namely control (HK alone), 100 }xM 
ACh or 200 IxM Ba  2+ (added in HK solution). Mean values (+ SEM) were calculated from currents from 6-8 experiments in the voltage 
range from -  100 to + 100 inV. (A) The mean values obtained from oocytes injected with hm2 receptor were subtracted from equivalent 
conditions of oocytes injected with channel subunits and current-voltage  relationships in HK for all three groups injected with channel 
subunits were plotted. (B) The ACh-induced currents signify the difference currents in the absence from those in the presence of ACh. 
Current-voltage  relationships for all three groups injected with channel subunits were plotted. (C) The Ba2+-sensitive  currents signify the 
difference currents in the presence from those in the absence of 200 txM Ba2+but in the presence of 100 IxM ACh. Current-voltage relation- 
ships for all three groups injected with channel subunits  were plotted. (D) Currents at -80 mV were plotted in bar graph form to compare 
the relative magnitude of the basal (HK) and agonist-dependent (ACh-induced)  currents for all three groups. 
controversy.  The  single-channel properties,  such  as 
conductance  and  open  time  kinetics,  were  different 
than  those  of  KATe channels and  in  agreement with 
those presented by Krapivinsky and colleagues (Krapi- 
vinsky et al., 1995). Similarly, intracellular ATP did not 
inhibit channel activity as  would  be  expected  with  a 
KATe channel. Moreover,  our  pancreatic  clone exhib- 
ited strong inwardly rectifying characteristics, both  at 
the  single-channel and  whole-cell  levels,  unlike  the 
weak rectification expected of a  KATe channel. Finally, 
several control cell lines used in previous studies claim- 
ing heterologous expression of putative KATe recombi- 
nant clones  (Ashford et al.,  1995; Inagaki et al.,  1995; 
Chan et al.,  1995; Kozak et al., 1995)  appear to possess 
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endogenous KAy  P channels  (Sui  et  al.,  manuscript in 
preparation),  raising concerns regarding proper  con- 
trois in previous studies. Thus, our data support other 
reports  (Krapivinsky et  al.,  1995;  Duprat et  al.,  1995) 
claiming that independent expression of Kir3.4 chan- 
nels is not representative of a/(AT  P conductance. 
Heteromeric Subunit Association Yields Potentiated Currents 
A  striking result, which has been reproduced with our 
recombinant channels, has been that coexpression of 
Kir3.1  with  Kir3.4  channels  or  their  close  relative 
(GIRK2) greatly potentiated the resulting currents. In 
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FIGURE 9.  PTX  effects on  heteromeric channel  currents.  (A) 
Oocytes from the same batch were each coinjected  with hGIRK1 
(~4 ng), KGP (~4 ng)  and hm2  (~1  ng)  cRNAs. (B)  Oocytes 
from the same batch as in A were each coinjected  with hGIRK1 
(°°4 ng) and KGP (0o4 ng). For both A and B, half of the injected 
oocytes were  incubated  in  ND96  solution  containing  1 tzg/ml 
PTX, whereas  the  remaining half were  incubated  in  PTX-free 
ND96  solution  (control).  Currents  for both  control  and  PTX 
treated oocytes were recorded 5 d after injection in different bath 
solutions, namely control (HK alone), 100 txm ACh (added in HK 
solution)  or in 200 IxM Ba  2+. Total currents at -80 mV were plot- 
ted in bar graph form to compare the effect of PTX treatment for 
basal currents (ACh -, Ba  2+ -), currents in the presence of ACh 
(+) and currents in the presence of Ba  2+ (+). 
specific  for  one  or  the  other  channel  coprecipitated 
both proteins providing strong evidence for the associ- 
ation of the two channels into a  heteromeric complex 
in  Xenopus  oocytes.  Homology  comparisons  between 
hGIRK1 and KGP showed divergent sequences at both 
of the  NH  2-  and  COOH-terminal  regions  of the  two 
cDNAs.  It  is  possible  that  favorable  interactions  be- 
tween distinct regions of the two subunits are responsi- 
ble  for  the  effect of the  current  potentiation.  Since 
GIRK2 was  also  capable  of producing  large  currents 
when coexpressed with GIRK1, it is possible that com- 
mon  structural  elements  among  GIRK2  and  Kir3.4 
channels could be responsible for the interactions with 
GIRK1 which  lead  to  current  potentiation.  Coexpres- 
sion  resulted  in  large  basal  currents.  The  agonist- 
dependent  component was  proportionately  the  same 
regardless  of whether  the  channel  subunits  were  ex- 
pressed alone or together. This result suggests that the 
current  potentiation  observed  with  coexpression  did 
not just alter the ability of the heteromeric channel to 
couple to G proteins via the G-protein-linked receptor. 
G-Protein Gating and PTX Sensitiv#y of KGP Subunits and 
Heteromeric Channels 
Heterologously expressed KGP efficiently coupled to a 
G-protein-linked receptor producing microampere size 
currents,  unlike  its cardiac  counterpart,  CIR  (at least 
10-fold  smaller  currents;  Krapivinsky  et  al.,  1995). 
Moreover, sizable  basal currents  exhibited  by KGP al- 
lowed identification  of its independent  functional  ex- 
pression,  unlike  GIRK1  channels which  in  our hands 
produced much smaller currents than KGP (see Fig. 8). 
Pertussis toxin, which ADP ribosylates G, subunits and 
functionally  uncouples  them  from  receptor  (Katada 
and  Ui,  1982a,  b),  not only significantly reduced  ago- 
nist-dependent but also basal KGP currents  (2 d  treat- 
ment).  This result suggests that the  high level of ago- 
nist-independent,  basal  activity  of  this  recombinant 
channel is related to C-protein gating. This finding is in 
agreement with  previous studies  with  KAC  h suggesting 
that basal activity was the result of G-protein gating (Ito 
et al.,  1991;  Okabe  et  al.,  1991).  The  precise  mecha- 
nism by which PTX decreased basal currents, however, 
remains unclear. 
The  PTX  effects  were  reproduced  for  the  hetero- 
meric channel.  PTX abolished agonist-dependent cur- 
rents while it greatly reduced basal currents  (5 d  treat- 
ment). The increase in the PTX effect with the length 
of treatment is consistent with  previous reports  using 
different  G-protein-linked  proteins  expressed  in  oo- 
cytes  (e.g.,  agonist-dependent  currents;  Blitzer  et  al., 
1993). The sensitivity of basal currents to PTX is consis- 
tent with the hypothesis that there is a receptor-G protein- 
channel  complex where interactions  among members 
of the complex are always present but can be enhanced 
by agonist-receptor interactions  (where G-protein would 
dissociate  and  alter gating of the  channel).  In such  a 
scheme, ADP-ribosylation of the  G~ subunits would af- 
fect both  basal as well as agonist-induced  interactions 
by virtue of altering both  the  receptor-G protein  cou- 
pling as well as the G protein-channel interactions. 
An Endogenous  Oocyte Kir3. 4-like Protein Associates 
with hGIRK1 
It has  been  suggested,  from  preliminary  evidence  in 
low-stringency  Northern  blots,  that  there  may be  en- 
dogenous  Kir3.4  homolog in  Xenopus oocytes  (Krapi- 
vinsky et al., 1995). In our immunoprecipitation exper- 
iments, GIRK1-Ab coprecipitated a band similar in size 
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nous oocyte protein capable of associating with GIRK1. 
The existence of an oocyte protein wlSich can associate 
with GIRK1 (possibly a Kir3.4 homolog) cautions against 
what was thought to be independent GIRK1 expression 
which in fact may be indieative of heteromeric GIRK1/ 
Kit3.4 expression. In such ~ case, knoekou~ of endoge- 
nous Kip3.4 expression wonld be necessary to validate 
independent GIRK1 expression in oocytes (Kubo et al., 
1993; Dascal et al., 1993a) and effects by G-protein sub- 
unit coexpression on independent GIRK1 activity (Re- 
uveny et a1.,.1994; Takao et al., 1994; Lim et al., 1995). 
The  precise  contribution of each  channel subunit of 
the heteromeric complex in properties such as G-pro- 
tein gating, open-time kinetics, and precise gating in- 
teractions responsible for the current potentiation, re- 
main to be elucidated. 
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